Study design and objective The purpose of this prospective clinical study is to evaluate the clinical and radiographic outcomes using a silicate-substituted calcium phosphate (Si-CaP) as a bone graft substitute in surgery for adolescent idiopathic scoliosis (AIS). Summary of background data In posterior corrective surgery for AIS, harvesting autologous bone from the iliac crest still represents the gold standard to augment the local bone graft though it is comparatively invasive and associated with donor site morbidity. Si-CaP enriched with bone marrow aspirate (BMA) might be an appropriate bone graft extender to overcome these difficulties. Methods Eighteen female and three male patients with AIS who underwent corrective posterior instrumentation were observed clinically and radiographically for a minimum of 24 months. In all cases, 20-40 ml Si-CaP granules (ACTIFUSE) mixed with BMA from vertebral bodies was used to extend the local bone graft. Fusion was assessed by standardized conventional radiographs regarding loss of correction and implant failure. Clinical outcome was evaluated with use of the Scoliosis Research Society-22 patient Questionnaire (SRS-22) and a Visual Analog Scale (VAS) for back pain. Results Cobb angle of major curves averaged 63°pre-operatively, 22°after surgery, and 24°at final follow-up, with a maximum loss of correction of 7°recorded after 4 months. No adverse effects related to the study material had been observed. In all patients, there was no evidence of implant failure, and formation of an increasingly densifying 'fusion mass' was visible, as assessed by conventional radiography. VAS score for back pain averaged 1.7 before surgery, 2.3 at discharge, and 1.5 at final followup. Outcome assessment using the SRS-22 revealed a significantly enhanced overall health-related quality of life (84 vs. 74 % before surgery; P = 0.0005) due to a significant improvement of the domains 'self image' (77 vs. 59 %; P = 0.0002) and 'pain' (88 vs. 80 %; P = 0.02). Patients' management satisfaction averaged 93 %. Conclusions Si-CaP augmented with BMA from vertebral bodies seems to prove an effective, safe, and easy to handle bone graft extender in scoliosis surgery and thus a suitable alternative to bone harvesting procedures.
Introduction
In the posterior correction of AIS, the local bone procured from the resection of spinous processes and facet joints presents the basic graft material. Nevertheless, additional grafting is frequently performed to obtain ample volume for long segment spinal fusion [1] . Autologous iliac crest bone harvesting still remains the accepted gold standard but the amount of bone that can be harvested safely is limited [2] . It implies extra surgery, affecting intact anatomy, with increase of operation time and blood loss and might involve substantial intra-and postoperative morbidity [3] [4] [5] [6] .
Alternatively, using allograft has been recommended by various authors reporting equivalent outcomes to autograft augmentation in scoliosis surgery [7] [8] [9] [10] . However, the demand for allograft exceeds the supply. Regarding its biological properties, allograft is highly variable in strength and performance depending on its source and processing [11] [12] [13] . Using freeze-dried allograft alone, Price et al. [14] found a significantly higher failure rate (28 %) than after iliac crest bone grafting (13 %) in surgery for AIS. Further concerns exist regarding the potential immunogenicity and microbial contamination of allograft [15] [16] [17] [18] [19] [20] . These factors have led to increasing interest in synthetic bone graft substitutes.
A multiplicity of mainly osteoconductive bone graft substitutes have been developed, composed of hydroxyapatite, tricalcium phosphate, or a mixture of these minerals (biphasic calcium phosphates) [21] . When combined with the local bone graft and BMA, derived from vertebral bodies or the iliac crest, the resulting composite possesses osteoinductive and osteogenic potential [21] [22] [23] [24] [25] [26] . Several studies already reported a beneficial use of these materials as a graft extender in posterior spinal fusion procedures, presenting results comparable to those after iliac crest bone grafting [27] [28] [29] [30] [31] [32] [33] [34] [35] .
Si-CaP represents a novel synthetic, porous bone graft substitute (ACTIFUSE; ApaTech Ltd., Elstree, Hertfordshire, UK). It is as phase pure as bone mineral, containing no secondary phases. Manufactured to a highly controlled specification, it provides a trabecular structure similar to that of cancellous bone. The struts are macroporous and microporous with high levels of interconnectivity, accelerating osseointegration [36] . The silicate-substitution triggers the material's negative surface charge and significantly improves bone formation performance compared to existing materials by its effect on the activity of bone forming and resorbing cells [37] [38] [39] [40] [41] . This allows vascularization of the Si-CaP matrix, supporting cell differentiation, facilitating fast bone ingrowth, greater volume of bone growth, and promoting nutrient transfer to host bone, with subsequent remodelling of the graft to mature bone.
The purpose of this prospective clinical study is to evaluate the clinical and radiographic outcomes of the use of Si-CaP as a bone graft substitute in posterior correction and fusion for AIS.
Materials and methods

Study design
From August 2007, 21 consecutive patients with AIS who were scheduled for surgery at our institution were enrolled in this prospective study. All deformities were treated by means of posterior corrective instrumentation with fusion applying the local bone graft, which was augmented with Si-CaP granules enriched with BMA from vertebral bodies.
Written informed consent was obtained from all patients. All patients satisfied the following inclusion and exclusion criteria.
Inclusion criteria All patients underwent corrective instrumentation through a posterior procedure by means of a multisegmented titanium pedicle screw and rod system (Expedium Spine System, Depuy Spine Inc., Raynham, Massachusetts, USA). All operations were performed by one surgeon (U.L.) using a standard technique. After exposure of the spine and release of the facet joints, pedicle screws were placed at the strategic vertebrae. A pre-bent rod was then inserted, and correction was accomplished by a combination of the cantilever and rod rotation maneuver with slight concave distraction and convex compression. The spinous processes were resected and the laminae decorticated. Depending on fusion length, 20-40 ml Si-CaP was enriched with 10-20 ml BMA directly taken from vertebral bodies during instrumentation. After opening the pedicle with an awl and perforation of the vertebral body with a probe, the extruding bone marrow was aspirated with a syringe. The resulting composite was then mixed with the morselized local bone graft and applied on the bleeding bone surfaces (see Figs. 1, 2 ).
Patient data
The study group included 18 female and 3 male patients with an average age of 16 years (median 16 ± 2 years; 12-21 years) at date of surgery. Curve types were classified according to the Lenke classification system, which is displayed in Table 1 [42] . All patients were examined clinically and by means of conventional radiography before surgery, prior to discharge from hospital, and at follow-up visits (4-, 12-, and 24-months). Follow-up averaged 25 months (24 ± 2 months; 24-33 months).
Perioperative parameters
The perioperative parameters collected and evaluated comprised surgery time, estimated intraoperative blood loss, number of segments fused, quantity of Si-CaP granules applied, blood retransfusion via cell saver, blood transfusion requirements, intra-and postoperative complications, as well as length of hospital stay.
Analysis of radiographs
In all patients, standardized long-cassette posteroanterior and lateral radiographs in standing posture inclusive preoperative side bending radiographs were performed. Postoperative radiographs were analyzed for implant failure in terms of breakage, dislocation, and loosening, as well as for defects in the fusion mass as indicators of pseudarthrosis. This analysis was conducted by a spine surgeon and an independent radiologist who both were not involved in the patients' treatment. Cobb angle of major and instrumented minor curves, curve correction, and loss of correction (using the same vertebral segments as preoperative) were measured additionally [43] . With respect to the established criteria for possible and definite nonunion, a definite pseudarthrosis was proven by radiographically visible implant failure or by direct evidence of a defect in the fusion mass at the time of surgical exploration [14, 44] . A possible pseudarthrosis was considered in case of the following situations: (1) loss of correction [10°, (2) radiographically visible defect in the fusion mass, or (3) persistent midline back pain of moderate to severe intensity.
Evaluation of health-related quality of life, back pain, and analgesic use
The Scoliosis Research Society-22 patient Questionnaire (SRS-22) was applied to assess the patients' health-related quality of life [45] [46] [47] . Back pain was evaluated by means of a Visual Analog Scale (VAS; 0-10). The use of any analgesic was also recorded.
Data analysis and statistics
Following summation of the presented data, mean values (together with median and standard deviation) were calculated for age at the date of surgery, perioperative parameters, follow-up time, preoperative, postoperative, and final visit Cobb angle of major and instrumented minor curves, postoperative and final visit proportional curve correction, loss of correction, SRS-22 and VAS scores. Preoperative and final visit SRS-22 values, loss of correction and VAS scores (preoperative, at discharge and final visit) were compared using the Wilcoxon test. Statistical significance was determined at the P \ 0.05 level.
Postoperative treatment regime
No postoperative bracing was administered. Patients were restricted from bending or lifting greater than 5 kg for 6 months and from sport activities for 1 year, except for swimming and cycling, which were allowed after 3 and 6 months, respectively.
Results
Perioperative parameters
Surgery time was on average 154 min (159 ± 26 min; 105-196 min), with an average estimated blood loss of 814 ml (750 ± 442 ml; 300-1,585 ml). Blood retransfusion via cell saver of on average 543 ml (500 ± 238 ml; 150-1,023 ml) was conducted in 12 patients. During surgery, three patients received previously donated autologous blood transfusion of 250-500 ml. In the postoperative course, 11 patients received autologous and a further two patients, homologous blood transfusion. The number of motion segments fused averaged 10 (10 ± 2; 6-13). In 13 cases, 20 ml of Si-CaP granules was applied to extend the local bone graft, and 40 ml Si-CaP in the remaining eight patients. Hospital stay averaged 12 days (12 ± 1; 9-14).
Adverse events
There were no complications throughout surgery. Postoperative complications comprised a urinary tract infection in one case, pleural effusion with incipient pneumonia in one case, and initial sacral decubitus in another case. So far, no complications related to the study have been observed.
Curve correction and loss of correction Cobb angle of major curves averaged 63°before surgery, 22°postoperatively (correction of 65 %), and 24°(correction of 62 %) at final follow-up. Cobb angle of instrumented minor curves (n = 14) measured on average 56°p reoperatively, 21°postoperatively (correction of 62 %), and 23°at final follow-up (correction of 58 %). With respect to major curves, a statistically significant loss of correction of on average 2°was recorded at final follow-up (P = 0.0007), with a maximum loss of correction of 7°( 8 %) in one patient observed at the 4-months follow-up. After the 4-months follow-up, there was no more noticeable loss of correction (P = 0.9). These results were comparable to those found for instrumented minor curves. The complete radiographic data are provided in Table 2 .
Fusion assessment by conventional radiography
As assessed by conventional radiography, all patients were considered fused at final follow-up, presenting the formation of a continuous 'fusion mass' of increasing density, especially visible at the residual curves' concavity, without any evidence of implant failure (see Figs. 3, 4, 5) . The Si-CaP granules were still slightly circumscribable at the 12-month follow-up but were indistinguishable after 24 months. There were no patients with a loss of curve correction C10°, which was defined as a criterion for possible pseudarthrosis.
Outcome assessment via SRS-22, VAS for back pain, and analgesic use
Final follow-up outcome assessment using the SRS-22 showed a significantly increased overall health-related quality of life compared to the status before surgery (P = 0.0005). This resulted from a significant improvement of the domains 'self image' (P = 0.0002) and 'pain' (P = 0.02). As expected, the category 'function/activity' did not improve but also did not worsen. A similar result was found for the domain 'mental health'. Patients' management satisfaction was high, on average 93 %. The complete SRS-22 data are displayed in Table 3 . VAS score for back pain averaged 1.7 preoperatively (0 ± 2.5; 0-7), 2.3 (2 ± 1.5; 0-6) at discharge, and 1.5 (1 ± 1.8; 0-7) at final follow-up. VAS score at final follow-up was significantly lower than at discharge (P = 0.04). VAS scores at final follow-up and before surgery were not significantly different (P = 0.8) neither were VAS scores before surgery and at discharge (P = 0.1). Preoperatively, two patients had declared use of pain killers. At discharge, 20 patients were adequately supplied with analgesics. At final followup, two patients reported still using an over the counter analgesic occasionally because of painful muscular tension. No patient complained persistent midline back pain, another criterion for possible pseudarthrosis.
Discussion
This prospective clinical study evaluated the clinical and radiographic results with the use of a novel, synthetic, porous calcium phosphate with a silicate-substitution (Si-CaP), enriched with BMA from vertebral bodies, to augment the local bone graft in posterior corrective surgery for AIS. So far, no adverse effects related to the study material have been observed.
As to the established criteria for possible and definite pseudarthrosis, all patients were considered fused at final follow-up, presenting the development of a continuous and increasingly densifying 'fusion mass', visible at the residual curve's concavity. Radiographically, the Si-CaP granules were still slightly circumscribable at the 12-month follow-up but were indistinguishable after 24 months. Compared to a former study by the authors on the use of beta-tricalcium phosphate (b-TCP) granules as a graft extender in scoliosis surgery, the b-TCP granules had almost dissolved 6 months after surgery [35] . Muschik et al. [31] reported a complete resorption of b-TCP granules visible on radiographs 8 ± 2 months after posterior correction for AIS. In contrast to Si-CaP, b-TCP is much more soluble and thus degrades much faster. In this regard, Hing et al. [40] compared the performance of Si-CaP and b-TCP in a standard animal model and reported that both materials facilitated early bone apposition. However, b-TCP degradation products initiated an inflammatory response that affected and even reversed bone apposition, whereas Si-CaP provided a more stable scaffold, promoting faster angiogenesis and bone apposition, with formation of a functionally adaptive trabecular structure through resorption/remodelling of both scaffold and new bone. The silicate-substitution of porous calcium phosphate appears to considerably enhance bioactivity and trigger adaptive remodelling, leading to significantly higher amounts of bone ingrowth and bone/scaffold coverage compared to conventional hydroxyapatite [37] [38] [39] 41] .
Furthermore, Si-CaP seems to prevent any severe inflammatory response of the host tissue thereby improving bioactivity. This can be supported by the authors on the basis of own histological findings [48] . During revision surgery for a dislocated set screw at the distal end of instrumentation, 1 year after posterior corrective surgery for Scheuermann kyphosis, a biopsy was taken from an entire fusion mass, without any macroscopic evidence of Si-CaP. Histological analysis of the specimen confirmed new bone formation next to Si-CaP particles and vascularization of the bone-scaffold composition but no relevant fibrosis [48] .
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provide osteoinductive and osteogenic potential [21] [22] [23] [24] [25] [26] . In this study, Si-CaP was enriched with BMA, which can be easily obtained from vertebral bodies during pedicle screw placement. According to McLain et al. [24, 26] aspirates of vertebral marrow showed equivalent or even greater concentrations of progenitor cells compared with matched controls from the iliac crest. Nevertheless, it is essential to perform a thorough decortication of the laminae to allow linking between host bone and graft material, facilitating bone ingrowth. Referring to this, Korovessis et al. [49] reported that hydroxyapatite combined with local bone and BMA failed to work as a bone substitute for intertransverse posterolateral lumbar fusion, most likely due to the absence of a sufficient host bone area. Whereas, the application of hydroxyapatite on decorticated laminae, which represents a wide host area, was followed by solid fusion.
The SRS-22 outcome assessment revealed a significantly increased overall health-related quality of life because of significant improvements in the domains 'self image' and 'pain' as well, even though the majority of patients responded favorably upon questions in the 'pain' category before surgery. Moreover, patient management satisfaction was high (93 %).
With a mean value of 2.3, VAS score for back pain was already relatively low at discharge from hospital. However, it has to be considered that 20 patients were still supplied with analgesics. By comparison, average VAS score at final follow-up was significantly lower (1.5), with only two patients reporting the use of pain killers as an over the counter analgesic. In this regard, Skaggs et al. [5] observed that posterior iliac crest bone grafting in spine surgery in 87 children was associated with significant donor site pain in 24 % of patients, even after 4 years mean follow-up, with an average VAS score of 4. In 15 %, pain was severe enough to limit daily activity. Analgesics were taken by 9 % because of pain at the bone graft site. The authors concluded that the real dimension of pain after iliac crest bone grafting in children was severely underreported and might not be sufficiently recognized.
Betz et al. [44] generally questioned the need for supplemental bone graft in scoliosis surgery. In a prospective, Fig. 2 with focus on the residual lumbar curve demonstrating the development of a continuous and increasingly densifying fusion mass S190 Eur Spine J (2013) 22 (Suppl 2):S185-S194 randomized study, they compared the clinical results of posterior spinal fusion using a multisegmented hook-screw and rod system with allograft augmentation versus no graft for patients with AIS. One of 37 patients in the allograft group presented with definite pseudarthrosis 12 months postoperatively, versus 0 of 39 in the no graft group. However, two patients in each group showed a loss of correction [10°and thus met a criterion of possible pseudarthrosis. After a minimum follow-up of 24 months, loss of correction averaged 3.6°in both groups, which is comparable to patients with AIS and long segment spinal fusion with iliac crest bone grafting [35] . In the present study, loss of curve correction averaged 2°f or both major and instrumented minor curves, with a maximum loss of correction of 7°in one patient found at the 4-months follow-up. Loss of correction was significant within the first 4 months. Afterwards, there was no further significant loss of correction to be observed.
Violas et al. [50] retrospectively analyzed 25 patients with AIS who had undergone posterior instrumentation and fusion with use of only the local bone graft. After a mean follow-up of 6 years, no definite or possible pseudarthrosis was observed. The authors concluded that using the local bone graft eliminates the need for any other graft.
Nevertheless, augmentation of the local bone graft to enhance fusion is mostly recommended. Using calcium phosphates as graft extenders instead of harvesting bone from the ilium permits reduction of surgery time and blood loss and avoids donor site morbidity. The same counts for allograft, with mostly satisfactory fusion rates [7] [8] [9] [10] , but inconsistent quality, donor-to-donor variation, potential immunogenicity, and risk of disease transmission remain incalculable shortcomings. A survey of spinal deformity surgeons identified pseudarthrosis and infection as their leading concerns with respect to efficacy and safety of allograft tissue [17] .
Two retrospective studies deal with the use of demineralized bone matrix (DBM), an organic derivative of allograft bone, in surgery for AIS [14, 51] . Compared to conventional allograft, DBM is not only osteoconductive but also osteoinductive. Demineralization of pulverized allograft through mild acid extraction exposes the extracellular matrix, which contains small quantities of osteoinductive proteins. The osteoinductive potential strongly depends on the individual donor and skeletal portion. Betz et al. observed no definite or possible pseudarthrosis in 17 patients with a minimum follow-up of 24 months after instrumentation and fusion with DBM alone. As well Price et al. reported no definite pseudarthrosis in 36 patients with a minimum follow-up of 24 months after surgery for AIS with instrumentation and fusion applying DBM and BMA obtained from the iliac crest but four patients experienced a loss of correction [10°.
The use of recombinant human bone morphogenetic proteins (rhBMPs) provides pure osteoinduction and appears to prove beneficial in adult spinal deformity surgery to accomplish successful fusion, particularly in long segment spinal fusion to the sacrum [52, 53] . However, Finally, it has to be considered that the absence of pseudarthrosis in this study may be the result of high fusion rates or late occurrence of implant breakage using a modern multisegmented screw and rod system. Thus, further follow-up is needed to prove the promising results with the use of Si-CaP as a bone graft substitute in scoliosis surgery.
Conclusions
Si-CaP augmented with BMA, obtained from vertebral bodies during pedicle screw placement, seems to prove an effective, safe, and easy to handle bone graft extender in scoliosis surgery and thus a suitable alternative to bone harvesting procedures. 
